Abstract: The West Carpathian thrustbelt advanced northeastwards over the European Platform. Its thrust sheets comprise sediments of the Early Cretaceous rifts that evolved on a passive margin of the European Platform, the Late Cretaceous-Paleocene basins formed by rift inversion, and the Eocene-Oligocene flexural basin. Geochemical analyses established a clear link between pooled oils in the foreland and the Oligocene Menilite Formation inside the thrustbelt. In order to understand the driving forces for this oil migration scenario, finite-element models of fault-propagation and fold-bend folds are used to study the mean stress distribution in the thrust sheets and the foreland. Mean stress has a profound control on the pore fluid pressure through the relationship affected by sediment porosity, and sediment skeleton and fluid compressibilities. Modelling results suggest that only faultpropagation folds are capable of generating foreland-directed mean stress gradients as they are characterized by a large foreland area of decreased mean stress, by coupled increased/decreased mean stress areas on advancing/receding sides of the ramp tip, and an overall mean stress decrease inside the thrust sheet in the direction towards the foreland. This interpretation is in accordance with the dominant fold-and-thrust style in the Western Carpathians inferred from balanced cross-section restoration. It shows that frontal faultpropagation folding was active during the late Oligocene-Early Miocene, providing an effective tectonic driving force for hydrocarbon migration from source rocks inside the thrustbelt towards reservoirs in the foreland.
The West Carpathian thrustbelt (Fig. 1a) formed during the Tertiary by a NE-and eastward accretion and advance over the European passive margin and adjacent oceanic crust (e.g., Royden & Báldi 1988) . It developed in front of the advancing Carpathian microplates (e.g., Balla 1984; Kovács et al. 1989; Csontos et al. 1992) . The development was driven by subduction roll-back (e.g., Royden et al. 1982) with some influence from the eastward lateral mass extrusion from the Eastern Alps (Neubauer & Genser 1990; Ratschbacher et al. 1991) . Subduction placed the remnant Carpathian Flysch Basin between the Carpathian microplates and the European Platform and floored by oceanic and thinned continental crust (e.g., Nemčok et al. 1998) . The thrustbelt itself comprises sediments deposited in Early Cretaceous rifts evolved on the European margin (e.g., Ksiażkiewicz 1977), in Late Cretaceous-Paleocene basins formed by an inversion of Early Cretaceous rifts (e.g., Suk et al. 1984 and references therein; Roca et al. 1995) , and in Eocene-Oligocene foreland basins (Winkler & Ś laczka, 1992; Roure et al. 1993) . The European Platform underneath and in front of the thrustbelt shows Palaeozoic-Triassic sediments related to combined effects of Palaeozoic rifting, late Palaeozoic contraction and Mesozoic rifting. Jurassic sediments evolved in Mesozoic rifts, Upper Cretaceous sediments related to contraction and, finally, LowerMiddle Miocene molasse sediments of the flexural foreland basin.
Apart from fields in the thrustbelt, there are about 67 producing hydrocarbon fields in various stratigraphies of the foreland close to the thrustbelt (Karnkowski 1999) . Of these, 13 contain oil, allowing oil/source rock correlations. Oils in these fields are very similar to thrustbelt oils, having a light to medium character, with densities of 810-860 kg m 23 and paraffin content of 2.32-9.37% (Weil et al. 1998) . Based on total organic carbon content and other source rock characteristics, initial source rock candidates for described fields in the orogenic foreland are: Lower Carboniferous and Miocene formations of the foreland, and Lower Cretaceous and Oligocene thrustbelt formations (Bessereau et al. 1996; Ś laczka 1996; PUGzG Geopol 1998) . Geochemical data and angiosperm-derived biological markers from oils of the autochthonous foreland (Grobla, Partynia-Podborze and Tarnów fields; Ten Haven et al. 1993; Bessereau et al. 1996) indicate that the source rock has Late Krs & Roth 1977; Krs & Potfaj 1991; Krs et al. 1993; Koráb et al. 1981; Royden & Báldi 1988; Sandulescu 1988; Márton & Márton 1989; Túnyi & Kováč 1991; Patrascu et al. 1994) . Rectangle indicates location of figure (b). (b) Portion of the West Carpathians with location of balanced cross-sections (after Nemčok et al. 1999) . Coloured lines indicate southernmost extent of the various autochthonous molasse sediments below the accretionary wedge (Ka: Karpatian, Lba: Lower Badenian, Mba: Middle Badenian, UBa: Upper Badenian, Sa: Sarmatian).
Cretaceous-Tertiary age (Moldowan et al. 1991) . This excludes Lower Carboniferous sediments of the foreland and Lower Cretaceous thrustbelt sediments from being a source rock for fields in the autochthonous foreland. Miocene sediments of the foreland are not mature enough to be considered (Kotarba et al. 1987) . A combination of the various arguments outlined above allows determination of the source rock for the foreland reservoirs. The only candidate matching all constraints is the Oligocene thrustbelt formation, the Menilite shale (Bessereau et al. 1996) , indicating that source rock for oils in the autochthonous foreland was located inside the thrustbelt. The age of oil migration is Late Oligocene and younger (Ten Haven et al. 1993; Bessereau et al. 1996) .
How was it possible for oils to migrate from the thrustbelt into its foreland? Which migration driving forces could have an effect on this special scenario? This paper tries to address these questions by studying thrustbelt structures by balancing and simulating migration controls by finite-element modelling. While several authors have focused on different numerical techniques to model fold-and-thrust structures (e.g., Sassi & Faure 1996; Salvini et al. 2001; Burbidge & Braun 2002; Kwon & Mitra 2004 ), we attempt a coupled geometric-mechanical approach to document the incidence of thrusting and related palaeostress evolution as a driving mechanism for fluid transfer out of a thrustbelt.
Methods

Balancing
In order to determine the geometries and kinematics of the thrust sheets in the Western Carpathians at the time of oil migration, we have constructed five balanced cross-sections from the West European Platform to the Inner Carpathians (Fig. 1b) . Details for cross-section construction are partly described in Nemčok et al. (1999 Nemčok et al. ( , 2000 Nemčok et al. ( , 2001 ) and further information is given below. Data constraints for balancing were provided by:
(1) magnetotelluric data (e.g., Ryłko & Tomas, 1995) that helped to determine the basement top; (2) reflection seismic profiles (e.g., profiles 5-3-73K, 5-1-78K, 5A-1-78K; Nemčok et al. 1999 Nemčok et al. , 2000 that imaged thrust sheet geometries; (3) bore holes that provided thicknesses of thrust sheets and thicknesses of involved sediments; and (4) our own outcrop data and data from available geological maps that provided thrust sheet geometries and thicknesses of sediments.
Dip domain and kink band analyses of planar data were made manually, in order to exclude local complexities such as small-scale folding. Small-scale complexities were filtered out from large-scale geometries of thrust sheets, constructed without either small-scale faulting or complex deformation zones, which were smaller than the resolution of regional balanced cross-sections. Obtained fold geometries cleaned from small-scale complexities comprise fault-bend folds (Suppe 1983) , fault-propagation folds (Suppe & Medwedeff 1984) and their evolutional combinations (e.g., Mitra 1990), providing an exact understanding of their mechanisms and interactions. Cross-sections were constructed using the program GeoSec 2D w (Paradigm Geophysical Ltd., Houston, USA). Surface level and well profiles provided the best constraints. The construction downward was less precisely controlled by the wedge base line interpreted from seismics and magnetotellurics. Pin lines for the Magura and Silesian Units were located in their fronts. Volume preservation was simulated by the area preservation within the crosssection. Deformed cross-sections were validated by restoration to undeformed state, made by the same software, using the flexural slip algorithm.
Numerical modelling
In order to understand oil migration driven by mean stress gradients, we study a set of 2D finite-element models of fault-propagation and fault-bend folds. Model geometries describing different stages of fold development were made by forward balancing from undeformed to most mature folding stages using programs GeoSec 2D w and Move 2D w (Midland Valley Exploration Ltd., Glasgow, UK) (Fig. 2) . Rock mechanics were added by transferring the various balancing stages into the finite-element program ANSYS w (Ansys Inc., Houston, USA), analyzing for stress field perturbations and strain localization during fold growth.
Modelled profiles comprise 2 km thick pretectonic sediments composed of three lithologic layers. The upper one is 620 m thick, the middle one is 710 m thick and the lower one is 670 m thick (Fig. 2) . Ramp angles for faultpropagation and fault-bend folds are 288 and 268, respectively. The pre-tectonic section of the siliciclastic scenario is composed of a sandstone-shale-sandstonesuccessionmimicking the conditions in the West Carpathian thrust belt. For comparison, a more brittle dolomitelimestone-dolomite succession is also studied. Both scenarios experienced either 50% erosion of the evolving folds or deposition keeping up with the growth structure during simulated shortening, in order to test both continental and marine settings. Syn-tectonic sediments are either shale or sandstone.
Each of the finite-element models describes a cross-section through the folded sedimentary sequence, which is broken by planes of weakness, i.e., faults. ANSYS w uses a Lagrangian formulation to simulate plane strain deformation using four-node isotropic elements to represent the individual pre-and syn-tectonic sediment layers. Their mechanical behaviour in the elastic domain is described by the generalized Hooke's law, relating strains to stresses via Young's modulus and Poisson's ratio (e.g., Mandl 1988) . Brittle failure is governed by the Coulomb criterion according to Jaeger and Cook (1979) :
where t crit is the critical shear stress, c is the cohesion, m is the coefficient of internal friction and s n is the stress normal to the shear fracture. The various physical properties of the lithologies used in the numerical models are summarized in Table 1 . Faults are described by so-called contact elements. This approach handles large differential movements between parts of the model, but does not describe cracking, i.e., the fault propagation itself. Contact elements are defined at opposing sides of the pre-assigned fault and stiffness values similar to the Young's moduli of the rocks in contact are used to enforce compatibility between adjacent fault surfaces. Contact elements are also capable of describing frictional sliding, so that the influence of different friction coefficients can be studied. Depending on the restoration stage, up to 2100 planar elements and 900 contact elements were used to represent the model geometry.
Boundary conditions for the fault-propagation fold models are a fixed base and right side, while the top is a free surface. Displacement constraints are applied to the nodes on the left side of the hanging wall to simulate compression. Boundary conditions for the fault-bend fold models differ in one only aspect: a lithostatic pressure boundary condition is applied to the part of the left model side representing the syntectonic sediments. The displacement boundary condition is 2.3 mm a 21 . Models are run until excessive mesh distortion and/or mesh penetration at the contact elements cause an instable numerical solution. This typically occurs after 50-60 m of total convergence.
Stresses in our models were built up by block motions, i.e., movement of the hanging wall relative to the footwall. Special focus is on the mean stress distribution and stress field orientation during the various restoration stages. However, as only an approximate description of the real sediment rheology is used, we do not attempt to predict absolute values but concentrate on the relative patterns of mean stress in relation to different thrust geometries and their kinematics. Mean stress has a profound control on the forces driving and opposing fluid migration. Driving forces are (e.g., Vandenbroucke 1993):
where r w and r o are water and oil densities, g is the acceleration of gravity, w is the angle between migration and horizontal directions, l is the oil column length; and (e.g., Mandl 1988) 
where h p and h e are pressure and elevation heads. h e represents the potential energy of a fluid due to its elevation above a reference level, while
where Dp is pore fluid pressure difference and r is fluid density. Opposing forces are (e.g., Winter 1987):
capillary pressure ¼ 2g cos (u)=r (5) where g is the interfacial tension between oil and water, u is the wettability expressed as the contact angle of the oil-water interface against the rock surface, and r is the average radius of the interconnected pore space; and (e.g., Mandl 1988) frictional resistivity force ¼ Àh u=k (6) where h is the fluid viscosity, u is the filtration velocity and k is the permeability. Loading of the thrust sheet by tectonic stress generated by block motions affects fluid migration forces in various ways. In the case of the buoyant force, the shortening would result in a growth of the fold structure, increasing the angle between migration and horizontal directions. This effect is not directly coupled to mean stress and, therefore, remains effective even after the end of the thrustbelt shortening. We call this control passive because it is effective even after shortening.
In the case of the hydraulic head, the shortening affects both elevation and pressure heads. The elevation head changes with growth of the fold structure. Remaining changed after the end of shortening in the thrustbelt, the elevation head also qualifies for being a passive control. The pressure head is coupled with mean stress development via its effect on the pore fluid pressure (e.g., Shi & Wang 1986; Ge & Garven 1992) :
where Dp is the change in pore fluid pressure, a n is the porosity compressibility, n is the porosity, b is the fluid compressibility, and Ds m is the change in mean stress. Because mean stress perturbations develop in each stress build-up cycle, they qualify for an active control, as they vanish after the end of thrustbelt shortening. In the case of the capillary pressure, the mean stress controls the average radius of the interconnected pore space via its effect on the pore space (e.g., Zimmerman et al. 1986) . Because the pore space decreases both elastically, being able to return to its earlier volume after loading release, and plastically, undergoing permanent pore space changes, this control has passive and active components. In the case of the frictional resistivity, the permeability and filtration velocity reacts to the mean stress (Vandenbroucke 1993; Brown et al. 1994; R. Sigal 1998, pers. comm.) both temporally and permanently; this control has both passive and active components.
Results
Balancing results
All balanced cross-sections are pinned on the European Platform and end at the Pieniny Klippen Belt (Fig. 1b) , except profile 1, which goes further to the Inner Carpathians. As profiles 1 and 2 have already been discussed in detail in Nemčok et al. (1999 Nemčok et al. ( , 2000 Nemčok et al. ( , 2001 , this paper focuses on the description of the remaining profiles 3 to 5 (Fig. 3) . The general style of deformation and the dominant fold-and-thrust style are similar in all five sections.
The frontal half of the thrustbelt along profile 3 accreted small volumes of the Neogene molasse sediments (Fig. 3a) . The youngest of them are of Badenian-Lower Sarmatian age. The frontal half of the wedge comprises a Silesian sediment section accreted in 4.3-18.6 km wide thrust sheets. This width, increased in comparison with profile 4 and roughly comparable to profile 5, is caused by the dramatic thickness increase of the Cretaceous portion of the sedimentary section in the unit defined as the Skole Unit, which caused a strength increase of the accreted sedimentary package. The maximum thickness of the package is 3.6 km. Thrust sheets were formed by fault-propagation folding, as indicated not only by our balancing but also by available reflection seismics. They were thrust over incompetent formations of the autochthonous molasse. Two preserved ramp tips are located inside the Upper CretaceousPaleocene inversion-related section, one at the base of the Oligocene-Lower Miocene syntectonic sediments. Syn-tectonic sediments show large thickness variations, which are due to erosion of shortened structures and the existence of complex topography during their deposition.
The frontal third of the accretionary wedge along profile 4 incorporates a small volume of the Neogene molasse, Lower Sarmatian being the youngest (Fig. 3b) Fig. 3 . Balanced deformed and restored cross sections through the Western Carpathians (see Fig. 1b sheets. This is the only profile with preserved geometries of frontal thrust sheets. Profiles 3 and 5 have their frontal structures deeply eroded. The frontal half of the thrustbelt along profile 5 comprises a Silesian sediment section imbricated in 2.1-26.4 km wide thrust sheets (Fig. 3c) . This increased width in comparison with profile 4 and roughly comparable to profile 3, is caused by the thickness increase of the Cretaceous sedimentary section in the Skole Unit, which increased its strength. Its maximum thickness, comparable to profile 3, is 3.6 km. The frontal part of the wedge was thrust over less competent middle Badenian-Sarmatian facies of the autochthonous molasse. Due to the deep erosional level, only three of the frontal thrust sheets show the evidence of faultpropagation folding. Two preserved ramp tips are located at the base of the Eocene section. Variable thickness of the thrust sheets controls the thrust sheet widths. Thrust sheets with a width of 7.1-26.4 km have a thickness close to its maximum value, containing both Lower and Upper Cretaceous sections. The thickness of 2.1-8.6 km wide thrust sheets ranges between 1.4 and 2.1 km. These thrust sheets do not contain the Lower Cretaceous section and the thickness of the Upper Cretaceous section is frequently reduced.
Rear portions of the described profiles are not composed of simple fault-propagation fold structures. The rear half of the thrustbelt along profile 3 has a complex structure, which includes thick-skin tectonics, buried Silesian duplexes and the overlying Magura Unit (Fig. 3a) . The rear two-thirds of the thrustbelt along profile 4 includes thick-skin tectonics, two levels of buried duplexes in the Czarnorzeki area, an antiformal stack and two triangle zones with back-thrusting in the Zboiska area and the Magura Unit above Silesian buried duplexes (Fig. 3b) . The rear portion of the wedge along profile 5 contains thick-skin tectonics, several triangle zones and back-thrusts in the Silesian section (Fig. 3c) .
Results of our balancing demonstrate that fault-propagation folding developed large frontal portions of the West Carpathians. This observation is in accordance with observations made from our profiles 1 and 2 (Nemčok et al. 1999 (Nemčok et al. , 2000 (Nemčok et al. , 2001 .
Finite-element modelling results
Analysis of the finite-element modelling results focused on the mean stress distribution in relation to different fold-and-thrust geometries and balancing stages, respectively, in order to assess the driving forces for fluid migration.
Figures show the mean stress distribution for various growth stages of a fault-propagation fold with syn-tectonic sedimentation (Fig. 4) and with syn-tectonic erosion (Fig. 5) . Similarly, mean stresses for two growth stages of a faultbend fold are shown in Figure 6 .
Fault-propagation fold scenarios with syn-tectonic deposition (Fig. 4) indicate the following features of the mean stress perturbation:
(1) Maximum mean stress anomaly in the advancing side of the propagating ramp tip, whereas minimum mean stress anomaly exists in the receding side of the propagating ramp tip. Fault-propagation fold scenarios with syntectonic erosion (Fig. 5) show the following mean stress distribution: (1) Only slightly increased mean stress in the advancing side of the propagating ramp tip and a minimum mean stress anomaly in the receding side of the propagating ramp tip during the last stages of the fold growth and last stages of the stress build-up. (2) A broad minimum mean stress anomaly in the upper parts of the anticline and in the foreland in front of the upper half of the ramp. (3) Slightly increased mean stress in the hanging wall in the bend area above the flat/ ramp transition.
Fault-bend fold scenarios are depicted in Figure 6 for the dolomite-limestone-dolomite succession with syn-tectonic shale deposition, which shows a more variable mean stress pattern than the corresponding siliciclastic scenario. They indicate the following features for the mean stress perturbation: (1) Maximum mean stress anomaly is developed in the foreland in front of the lowermost portion of the ramp. It develops during the last stress build-up stages, but only in carbonate scenarios, which are 'more brittle' than siliciclastic ones. (2) A broad minimum mean stress anomaly in the anticline, which is developed in both carbonate and siliciclastic scenarios. Carbonate scenarios generate During growth of the fault-bend fold, continuing block movements build up a new stress cycle ultimately leading to failure and rapid stress release. A very early stage of this build-up is captured in Figure 7b . This figure shows that several areas of the profile do not 'feel' loaded by tectonic stress yet. In these areas the maximum principal stress s 1 is still oriented vertically and has not yet changed into sub-horizontally oriented compression. An advanced stage of the buildup is shown in Figure 7c . This is the time when the whole profile affected by block movements experiences loading by sub-horizontally and sub-vertically oriented maximum and minimum principal compressional stresses s 1 and s 3 , typical for thrusting regime. Several areas of the profile experience various stress perturbations caused by complexities added by the frictional resistance of fault planes, flexure, internal deformation of the thrust sheet and uneven distribution of gravity forces. Stress perturbations are not only characterized by changes in orientations of principal stresses but also by changes in their magnitudes. The last stress build-up stage, before the failure of the model, is captured in Figure 7d . The stress regime is similar to that of Figure 7c but stress perturbations are more pronounced.
Discussion
Our finite element modelling results indicate that each fold type has its own typical stress distribution during each stress build-up and growth stage. The straining, which controls the stress transfer, differs among various fold types (compare Figs 4 and 6), because their different geometries and fault constellations also control what portions of the stress generated by the driving force would be spent on overcoming the frictional resistance of pre-existing faults, internal deformation of the thrust sheet, overcoming gravity forces, and deformation of the foreland.
Mean stress in various portions of fault-bend fold models is affected by the complex stress perturbations described earlier. The whole anticline is the place where the mean stress decreases below the regional level (Fig. 6 ). This observed mean stress decrease, together with an anticline being the morphologically highest feature of the thrust sheet, causes a match of favourable elevation and pressure terms of the hydraulic gradient, which would have a strong tendency to drive fluids from broader hanging wall to hanging wall anticline in all tested fault-bend scenarios. The drive will be strongest in the carbonate case with sealing syn-tectonic shale. Figure 6 indicates that practically the whole anticline serves as a fluid sink. A comparison of Figure 6 with Figure 4 indicates that the fault-bend fold is not capable of generating large-scale mean stress perturbations and can be defined as 'low energy' structure. The fault-propagation fold is characterized by: coupled mean stress increase and decrease on hanging wall and footwall sides of the ramp tip; mean stress decrease in the initial anticline followed by increase during later anticline growth; progressive mean stress increase in the broader hanging wall; and progressive mean stress decrease in the foreland.
Observed mean stress features indicate hydraulic gradients, which can potentially drive fluids (Fig. 4) : from hanging wall to footwall by tip-tapping mechanism in the ramp tip region; from the advancing to the receding side of the ramp tip; thus acting as a source-sink mechanism between anticline and foreland.
These modelling results strongly suggest that only the fault-propagation folds can generate mean stress perturbations, which would drive fluids into their foreland if any other fluidmigration driving and opposing forces were ignored. The Carpathian data indicate that the mean-stress controlled fluid drive into the foreland dominated over the fluid drive into growing anticlines created by fault-propagation folding. The fluid drive into anticlines would be controlled by (1) a buoyant force enhanced by the shortening-controlled angle between migration and horizontal directions; and (2) the elevation head enhanced by shortening.
The additional enhancement of the forelandward fluid drive was provided by active portions of the mean stress control over the pore volume gradients (i.e., capillary pressure gradients) and permeability gradients, which provided an additional fluid pumping mechanism from more compacted to less compacted, or less permeable to more permeable, areas. In doing this, faultpropagation folds are dynamically different from any other fold types, as discussed earlier. Separation of various fluid-drive controls into passive and active provides an understanding of which controls remain effective or vanish after the end of the thrustbelt shortening. Faultpropagation folds are capable of modifying both pressure and elevation portions of the hydraulic head when they are active. They can modify the elevation head when they are both active or passive. The pressure head controlled by mean stress perturbations in active faultpropagation folds creates pore fluid pressure gradients that act in addition to the elevation head effect. The changing structural geometry forms elevation controls. When folds are passive, the hydraulic head is controlled only by the structural architecture developed earlier during the active thrusting. Therefore, the answer whether folds were active during hydrocarbon migration becomes very important, because that is the only time when fault-propagation folds can pump fluids into their forelands. When they are passive they become accumulators just like any other fold types. Mean stress perturbations in the modelled folds just make the oil accumulation in the anticline stronger when folds are active. Other active controls affected by mean stress perturbations in growing fault-propagation folds over fluid migration forces are effects on pore space, permeability and filtration velocity.
Conclusions
The combination of geochemical results (Ten Haven et al. 1993; Bessereau et al. 1996) with our balancing data indicate that oil migration from the Oligocene Menilite source shale inside the West Carpathian thrustbelt to fields in its autochthonous foreland took place during the Late Oligocene-Early Miocene. This was the time when the thrustbelt underwent shortening and its frontal structures adjacent to the autochthonous foreland developed by fault-propagation folding. The source-reservoir correlation and the dominant tectonic style inferred from geometric balancing are in accordance with the predictions made by the numerical simulations. Only the fault-propagation folds are characterized by a large foreland area of decreased mean stress, by a coupled increased/decreased mean stress areas on advancing/receding sides of the ramp tip and the overall mean stress decrease inside the thrust sheet in the foreland direction. These mean stresses and related hydraulic gradients provided an effective fluid pumping mechanism from frontal fault-propagation folds into their footwalls. It can operate when the influence of the pressure head on the fluid migration dominates over the influence of elevation head and buoyant force, and becomes enhanced by advantageous distribution of capillary pressure and frictional resistivity gradients that further enhance fluid flow from the thrust sheet into its foreland.
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